Abstract The purpose of this study is to evaluate the in vivo retention capabilities of poloxamer-based in situ hydrogels for vaginal application with nonoxinol-9 as the model drug. Two in situ hydrogel formulations, which contained 18% poloxamer 407 plus 1% poloxamer 188 (GEL1, relative hydrophobic) or 6% poloxamer 188 (GEL2, relative hydrophilic), were compared with respect to the rheological properties, in vitro hydrogel erosion and drug release. The vaginal retention capabilities of these hydrogel formulations were further determined in two small animal models, including drug quantitation of vaginal rinsing fluid in mice and isotope tracing with 99m Tc in rats. The two formulations exhibited similar phase transition temperatures ranging from 27 to 32 1C. Increasing the content of poloxamer 188 resulted in higher rheological moduli under body temperature, but slightly accelerated hydrogel erosion and drug release. When compared in vivo, GEL1 was eliminated significantly slower in rat vagina than GEL2, while the vaginal retention of these two hydrogel formulations behaved similarly in mice. In conclusion, increases in the hydrophilic content of formulations led to faster hydrogel erosion, drug release and Abbreviations: AUC, area under curve; EO, hydrophilic ethylene oxide; F127, Poloxamer 407; F68, poloxamer 188; GEL1, 1% poloxamer 188 þ 18% poloxamer 407; GEL2, 6% poloxamer 188 þ 18% poloxamer 407; HLB, hydrophile-lipophile balance; ICR, Institute of Cancer Research; MRT, mean residence time; MW, molecular weight; N-9, Nonoxynol-9; PEO-PPO-PEO, poly(ethylene oxide) a -poly(propylene oxide) b -poly(ethylene oxide) a ; PO, hydrophobic propylene oxide; RP-HPLC, reverse-phase high performance liquid chromatography; SVF, simulated vaginal fluid Acta Pharmaceutica Sinica B 2017;7(4):502-509 intravaginal elimination. Rats appear to be a better animal model than mice to evaluate the in situ hydrogel for vaginal application.
Introduction
The vagina is the primary organ for topical application of contraceptives. Dosage forms for vaginal administration include suppositories, films, effervescent tablets and hydrogels. Vagina-applied semisolid dosage forms are much more popular than solid dosage forms due to their convenient administration, flexible dose, rapid onset, and good lubrication 1 . However, rapid physiological clearance caused by mucous secretion and turnover impedes effective vaginal retention of such semisolid dosage forms. The clearance in the vaginal lumen is so powerful that the residence time of conventional formulations is usually too short for the bioactive agents to exert their therapeutic role, leading to insufficient dose and/or duration of action 2 . Abdominal motions also accelerate the removal of vaginal formulations. Accordingly, if semisolid formulations have sufficient viscosity or bioadhesive capability, their vaginal elimination will be efficiently slowed down 3, 4 . Presently, thermosensitive in situ hydrogel formulations have attracted increasing interest in the field of mucosal administration [5] [6] [7] [8] . Applications of thermosensitive in situ hydrogels are based on their phase transition in response to the temperature increase from ambient to physiological temperature. For vaginal administration, such formulations are characterized by easy application because the low viscosity under room temperature would allow quickly spreading and even flowing into the fold regions of vaginal mucosa. In addition, the formed hydrogel in the vaginal lumen favors prolonged residence of the loaded drug in the vagina 9 . Preclinical studies carried out on mouse or rabbit models have proven the advantages of in situ hydrogel for vaginal use 5, 10 . Furthermore, when used for contraception, the hydrogel would form a protective layer on the surface of vaginal mucosa, which will inhibit sperm motility and simultaneously function as lubricant during sexual activity.
Among the thermosensitive polymers, poly(ethylene oxide) apoly(propylene oxide) b -poly(ethylene oxide) a (PEO-PPO-PEO), also known as the generic name of poloxamer and the trade name Pluronic, has been studied most extensively for vaginal use. This is a category of triblock copolymers with the molecular weights (MW) ranging 1100-14,000 Da and the weight ratios of poly (ethylene oxide) block to poly(propylene oxide) block varying from 1:9 to 8:2.
At concentrations above a critical value, aqueous poloxamer solutions have inverse thermal sensitivity 11 . The gelation of aqueous poloxamer solutions is closely related to dehydration of the hydrophobic poly(propylene oxide) blocks, followed by formation of micelles 12 . In order to obtain a suitable gelation temperature, poloxamer-based in situ hydrogel is usually composed of two poloxamers of different grades, relatively hydrophobic poloxamer 407 (Pluronic F127) and relatively hydrophilic poloxamer 188 (Pluronic F68) [13] [14] [15] . The presence of poloxamer 188 usually leads to increased hydrophilicity and higher gelation temperature. However, the influence of poloxamer 188 contents on the in vivo performance of the hydrogel has rarely been addressed.
Additionally, the appropriate small animal model for evaluating the intravaginal residence of poloxamer-based in situ hydrogels has not been assessed. The present report addresses these two questions.
In order to determine the relationship between the concentration of poloxamer 188 and intravaginal residence, two poloxamerbased thermosensitive in situ hydrogel formulations with similar gelation temperature were evaluated for in vivo use. Nonoxynol-9 (N-9), the most widely applied topical spermicide 16 , was used as the model drug. To facilitate comparison, the formulations should contain similar compositions except for differing poloxamer 188 concentrations designed to produce differing intravaginal residence times. According to our previous work 17 , two N-9-containing in situ hydrogel formulations, relatively hydrophobic GEL1 (18% poloxamer 407/1% poloxamer 188) and relatively hydrophilic GEL2 (18% poloxamer 407/6% poloxamer 188) were compared for rheological properties, in vitro hydrogel erosion, drug release, and vaginal residence in two animal models.
Experimental

Materials and animals
Poloxamer 407 (F127) and poloxamer 188 (F68) were kindly provided by BASF Co., Ltd. (Ludwigshafen, Germany). N-9 was bought from Guanghui Technology Co., Ltd. (Dalian, China).
99m
TcO 4 Na was provided by GMS Pharmaceutical Co., Ltd. (Shanghai, China). Triton X-100 was bought from Solarbio Life Science Co., Ltd. (Beijing, China). Ultrapure water was produced by the Milli-Q system (Millipore, Schwalbach, Germany). All other chemicals used in this study were of analytical grade and commercially available.
Female adult ICR (Institute of Cancer Research) mice (28-30 g) and SD (Sprague-Dawley) rats (220-230 g) were provided by Super B.K. laboratory animal Co., Ltd. (Shanghai, China) and maintained at 22 7 2 1C on a 12 h light-dark cycle with access to food and water ad libitum. All animal experiments were carried out in accordance with the guidelines published by the National Institutes of Health for the care and use of laboratory animals (NIH Publications No. 8023).
Preparation of in situ hydrogel
In situ hydrogel was prepared using the "cold method" as previously reported 18 at the concentration of 4% N-9, 18% poloxamer 407 and 1% (for GEL1) or 6% (for GEL2) poloxamer 188. Briefly, the required amount of poloxamers and N-9 (if necessary) for each formulation was weighed and added to chilled sodium acetate solution (16 mmol/L, pH 4.5) under stirring in a flask. The obtained mixture was placed at 4 1C until the polymer was dissolved completely. All the samples were prepared on a weight basis and reported as weight percent (%, w/w).
Rheological measurements
Thermosensitive gelation processes of GEL1 and GEL2 were investigated upon temperature sweeping from 20 to 40 1C using a rotatory rheometer (Bohlin Gemini II, Malvern, UK) under the oscillation mode with a fixed frequency of 1 Hz and a steady shear strain of 0.02 at a heating rate of 1 1C/min.
To evaluate the effect of dilution by vaginal secretions on gelation capability of the in situ hydrogel, similar measurements were carried out on the mixtures of GEL1 or GEL2 with simulated vaginal fluid (SVF) at the volume ratio of 5:0.5 or 5:0.75. SVF was prepared according to previous literature 19 with the following composition (g/L): NaCl, 3.51; KOH, 1.40; Ca(OH) 2 , 0.222; bovine serum albumin, 0.018; lactic acid, 2.00; acetic acid, 1.00; glycerol, 0.160; urea, 0.400; and glucose, 5.00. The pH of SVF was adjusted to about 4.2 using HCl.
Hydrogel erosion
A membraneless model was used to assess the in vitro erosion of the hydrogel as described previously 18 with minor modifications. Briefly, a flat-bottomed vial with an effective dissolution area of 3.80 cm 2 containing approximately 2 g hydrogel was immersed in a water bath of 37 1C for 10 min in order to allow the polymer solution to form hydrogel. The dissolution medium (10 mL SVF) pre-equilibrated at 37 1C was carefully layered over the upper surface of the solidified hydrogel. Then the vial was placed in a thermostatic shaker set at 37 1C and 100 rpm. At predetermined time points, the dissolution medium was poured out, the outer surface of the vial was wiped dry and the weight of the vial plus the hydrogel was recorded. Then, the hydrogel was further equilibrated at 37 1C for 10 min, followed by replenishment of 10 mL pre-heated dissolution medium. The above process was repeated until the hydrogel was completely dissolved.
Drug release
The release of N-9 from hydrogel was monitored using the cell method as described in Appendix XII E of British Pharmacopeia (2011). Briefly, 3.0 g hydrogel was placed in the extraction cell (effective release area of 15.90 cm 2 ) covered with a piece of 3 μm microporous filter membrane, which was then placed in the vessel of a dissolution tester (RC806, Tianfa Technology Co., Ltd., Tianjin, China) containing 900 mL SVF stirring at 37 1C and 100 rpm.
At predetermined time points, an aliquot of 100 μL release medium was sampled for analysis using RP-HPLC (reverse-phase high performance liquid chromatography, Agilent 1100 series, USA) equipped with a Diamonsil s column (C18, 250 mm Â 4.6 mm, 5 μm, Dikma) under the following conditions: column temperature at 25 1C, mobile phase of methanol-water (88:12), flow rate at 1 mL/min, detection wavelength at 228 nm and injection volume of 50 μL. This method was validated beforehand with respect to the linear range, accuracy, precision and specificity.
2.6. In vivo residence 2.6.1. Intravaginal residence in mice Female ICR mice were acclimated for at least one week before being used and allowed to free access to standard food and tap water. Three groups of mice (66 mice per group) were tested including (1) 4% w/v N-9 aqueous solution, (2) GEL1 and (3) GEL2. For each group, the mice were further divided into 11 sub-groups (6 mice per sub-group) to collect data at the following time points: 0, 20 and 40 min, then 1, 2, 3, 4, 5, 6, 7 and 8 h. The formulations were administrated into mice vagina using a microliter syringe equipped with a blunt needle. After inserting the needle approximately 0.5 cm into the vagina, 10 μL of each formulation was discharged rapidly and the mouse was kept in an inverted position for about 10 s to assure gelation. To minimize systematic errors caused by possible residue of hydrogel in the syringe, the weight of the syringe before (W a ) and after (W b ) administration was recorded to calculate the accurate amount of hydrogel injected into the vagina (W adm , g) according to the following equation:
At each determined time point, the vagina of six mice in each group was carefully rinsed by 50 μL pre-warmed normal saline for 10 times. The rinsing solution was collected for RP-HPLC analysis conducted under the same condition as described in Section 2.5. Before analysis, the collected rinsing solution from each mouse was diluted to 1 mL with water, spiked with the internal standard Triton X-100 and filtered by 0.22 μm membrane. The retention percentage of applied hydrogel was calculated based on the detected N-9 concentrations (C det , mg/mL) according to the following equation:
Intravaginal residence in rats
A total 12 female SD rats were divided into 3 groups (n ¼ 4) and intravaginally treated with radiolabeled GEL1, GEL2 or solution, respectively. For GEL1 and GEL2, 3 mL of each hydrogel was vortically mixed with 100 μL 99m TcO 4 Na. For the solution, 3 mL aqueous medium with the same composition as GEL1 but containing no poloxamers was mixed with 100 μL 99m TcO 4 Na. Etherized rats were intravaginally administered with 0.2 mL hydrogel or solution using 1 mL disposable syringe equipped with a blunt gavage needle, which was inserted 1 cm into the orificium. After administration, the rats were allowed to move freely. Then scintigraphic imaging was taken with a γ-ray camera (BHP6602, Binsong Photon Technology Co., Ltd., Beijing, China) every hour until no radioactive signal was detectable in the vagina. To locate the vagina and calculate the retention percentage of radioactive isotopes, a 1.5 mL Eppendorf centrifuge tube containing 0.2 mL of the same formulation was placed near to the base of the rat tail as reference.
Statistics
The pharmacokinetic parameters of vaginal residence were calculated using DAS software (Ver. 2.0, Mathematical Pharmacology Professional Committee of China). Data were evaluated by Student's t-test, and differences were considered to be significant at a level of P o 0.05.
Results and discussion
Thermosensitivity and rheological property
The elastic modulus Gʹ and viscous modulus Gʹʹ are both important rheological parameters for poloxamer-based in situ hydrogel. For GEL1, the elastic modulus Gʹ and viscous modulus Gʹʹ increased sharply in the temperature range of 27-30 1C (Fig. 1) . For GEL2, a similar phase transition occurred in the temperature range of 28.5-31.5 1C (Fig. 1) . The gelation temperature of GEL2 was slightly higher than that of GEL1, but this difference is of no practical importance.
The concentration of poloxamer 188 in the formulations showed significant effect on the elastic modulus, but scarcely affected the viscous modulus. At 37 1C, the Gʹ value of GEL2 was about 4500 Pa higher than that of GEL1, while the Gʹʹ values of GEL1 and GEL2 were similar. The two formulations were both liquid at 25 1C and changed to pseudoplastic hydrogel at 37 1C. After phase transition, the viscosity of the formulations increased from less than 1 Pas to thousands of Pas at a shear rate of 0.1 s -1 (Fig. 2) .
It was expected that higher content of poloxamer 188 in the formulation GEL2 resulted in higher gelation temperature, which is also consistent with previous literatures [13] [14] [15] . A typical example is a recently reported in situ gelling system based on the combination of poloxamer 407 and poloxamer 188 for ocular delivery, where poloxamer 188 was added in the formulation to raise the gelation temperature to the physiological range. This phenomenon could be explained by the thermosensitive gelation mechanism of poloxamer solutions. Based on 13 C NMR data, gelation of aqueous poloxamer solutions was attributed to dehydration of hydrophobic poly(propylene oxide) blocks 12 . As a triblock copolymer, poloxamer 407 has a molar ratio of 0.28 (56/202) between hydrophobic propylene oxide (PO) and hydrophilic ethylene oxide (EO), while which is 0.17 (27/ 160) for poloxamer 188. The lowered PO/EO molar ratio in the in situ hydrogel caused by addition of poloxamer 188 led to increased hydrophilicity and gelation temperature.
Because the volume of vaginal fluids usually varies from 0.5 to 0.75 mL 20, 21 , the formulations were mixed with SVF to simulate extreme dilution in the in vivo circumstance. As shown in Fig. 3A and B, when diluted with 0.5 mL SVF, both GEL1 and GEL2 remained semi-solid under body temperature. Again, the Gʹ value of GEL2 was about 5000 Pa higher than that of GEL1 while the Gʹʹ values remained similar. When diluted with 0.75 mL SVF, both GEL1 and GEL2 still began to form hydrogel below 37 1C, although the gelation process flattened out (Fig. 3C and D) . The difference between the Gʹ values of these two formulations still exists. It is worth noting that at body temperature the Gʹʹ value of GEL1 became obviously lower than that of GEL2. It is known that the gelation capability of poloxamer solutions depends closely on the polymer concentration [22] [23] [24] . Our result indicated that both the two formulations had adequate anti-dilution capacity, assuring that they could form hydrogels after administration in the vagina even after dilution by vaginal fluid.
Hydrogel erosion and drug release
Poloxamer-based hydrogel undergoes erosion in aqueous medium at a rate associated with contact surface, stirring condition and hydrogel composition in the membraneless model. As shown in Fig. 4A , GEL1 dissolved completely in 10 h, slightly but significantly slower than GEL2. When the hydrogel was directly exposed to SVF, the erosion of both the two formulations precisely followed zero-order kinetics. The difference in the erosion rates may be attributed to the composition of the hydrogel, namely the different contents of poloxamer 188 in the formulations.
In the in vitro release study, the upper surface of the hydrogel was covered by a filter membrane with 3-μm micropores, through which poloxamer could diffuse into the aqueous medium. Under this condition, N-9 was totally released from both the formulations in 10 h (Fig. 4B) , which was consistent with the in vitro erosion of the hydrogels. Furthermore, the release rate of N-9 from GEL1 was slightly but not significantly slower than that from GEL2. Slower erosion corresponding to slower drug release was in agreement with previous literature 13 . The release of N-9 from the two hydrogels during the initial 6 h both followed zero-order kinetics, indicating the erosion-controlled release mechanism.
It should be noted that addition of poloxamer 188 may exert two opposing influences. On one hand, increase in the total concentration of the polymers increased the strength of formed hydrogel and thus retarded the hydrogel erosion and drug release. On the other hand, the higher hydrophilicity of poloxamer 188 favored the hydrogel erosion in aqueous environment and thus accelerated the drug release. Our experimental data revealed that the balance between these two mechanisms ultimately resulted in a slight influence on the hydrogel erosion and drug release by the variations in poloxamer 188 concentration. This result is consistent with the report of Baloglu et al. 25 that the rates of drug release were similar from various hydrogel formulations containing different concentrations and ratios of poloxamers 407 and 188. c Significantly different compared with GEL2 (P o 0.05).
3.3. In vivo residence
Vaginal residence in mice
The HPLC analysis method of N-9 in the vaginal rinsing fluid was validated with respect to the linear range, precise, accuracy, specificity and recovery. When vaginal rinsing was conducted immediately after vaginal administration, 490% of the applied dose could be detected with good repeatability. As shown in Fig. 5 , elimination of N-9 solution was so fast that only less than 6% of the total dose remained in the mouse vagina 20 min after administration. In contrast, the elimination of both GEL1 and GEL2 was much slower. The N-9 loaded in the hydrogels was almost completely eliminated from the mouse vagina 5 h after administration.
The elimination profiles of N-9 in mouse vagina were similar for GEL1 and GEL2. When analyzed using the statistical moment method, no difference was found between GEL1 and GEL2 with respect to the intravaginal pharmacokinetic parameters including the mean residence time (MRT) and the area under curve (AUC), while the AUCs of both hydrogel formulations were more than 6 times higher compared to that of solution ( Table 1 ). The minor differences in hydrogel erosion and drug release in the mouse model suggests that this model does not discriminate between the in situ hydrogel formulations.
Vaginal residence in rats
Isotope 99m Tc was used as a tracer to compare the vaginal residence of GEL1 and GEL2 in rats due to its capability of continuously in situ imaging and minimal radiological hazard due to the short half-life. To exclude possible deviation caused by isotope decay, a centrifuge tube containing a same volume of the same formulation was placed nearby the animal for normalization.
As shown in Figs. 6 and 7, a significant difference in vaginal retention between GEL1 and GEL2 was found in rats. The elimination of GEL1 was slow in the first 5 h, accelerated during 5-9 h after administration and finally completed after about 10 h. By contrast, the elimination of GEL2 accelerated from 2 h after administration and completed in 7 h. The in vivo retention of the hydrogels was highly consistent with their in vitro erosion and release. Pharmacokinetic parameters given in Table 2 also showed a significant difference between the retention characteristics of GEL1 and GEL2 in rats. The AUC ratio between GEL2 and the solution was almost the same in rats with that in mice, but the AUC ratio between GEL1 and the solution was substantially higher.
When rats were used as the animal model coupling with radioisotope imaging, the results seemed meaningful. Even in vitro, GEL1 and GEL2, which only differed by 5% poloxamer 188, were marginally different in erosion rate and drug release. It is not surprising that a such difference between GEL1 and GEL2 was not reflected in mice, considering the limited volume of the mouse vaginal lumen. In our previous report, addition of carrageenan in poloxamer hydrogel slowed down the erosion of hydrogel by almost four times, but only prolonged drug retention to a limited extent in mice 10 . By contrast, the rat vagina is relatively deeper in length and larger in volume, which is more similar to that of the primate and permits the in vivo discrimination of vaginal formulations.
Poloxamer is a family of amphiphilic copolymers. The hydrophile-lipophile balance (HLB) value is 22 for poloxamer 407 and 29 for poloxamer 188, respectively 11, 26, 27 . Adding poloxamer 188 to the poloxamer 407 aqueous solution resulted in enhanced hydrophilicity of the formed hydrogel. By comparison between the results of in vitro and in vivo evaluations on GEL1 and GEL2, it could be rationally concluded that relative hydrophilic formulation led to faster hydrogel erosion, drug release and intravaginal elimination. Our finding is also consistent with a recently published study on ocular administration, which revealed that, under a fixed total polymer concentration, higher content of hydrophilic poloxamer 188 in the formulation resulted in faster removal from the corneal surface after application 28 . These phenomena could be explained by Marchetti group's work 29 , in which the authors found that the presence of hydrophilic additives like polyethylene glycol accelerated drug release from poloxamerbased hydrogel even at low concentration, and attributed the accelerated release to the higher osmotic pressure between the hydrogel and the dissolution medium created by the increased hydrogel hydrophilicity.
Rheological assessment is usually employed to predict the in vivo behavior of in situ hydrogel [30] [31] [32] . However, there is still controversy over the importance of rheological parameters in the evaluation of hydrogel performance. Baloglu et al. 25 found that significant difference in rheological moduli and viscosity led to similar rates of drug release from poloxamer-based hydrogels for vaginal application. In the present study, at body temperature, the elastic modulus Gʹ of GEL2 was always much higher than that of GEL1 ( Figs. 1 and 3 ), but the intravaginal elimination of GEL2 in rats was faster than that of GEL1. Obviously, the elastic modulus was not correlated with the intravaginal retention. Elastic modulus Gʹ, or "storage modulus", describing the elastic deformation of the hydrogel 33 , was not related with the hydrogel erosion and elimination, which could be clearly seen in Figs. 4 and 7 . By contrast, viscous modulus Gʹʹ, reflecting the viscous nature of the hydrogel, might provide more useful information, since the Gʹʹ value of GEL1 before dilution was slightly higher at body temperature than that of GEL2 (Fig. 1B) . Our results suggested that the viscous nature of the poloxamer-based hydrogel might be a more important characteristic correlating with the intravaginal retention.
Two extreme fates for in situ hydrogels after vaginal administration are possible. The worst one is complete mixing with vaginal fluid, while the best one is immediately forming gel without being diluted by vaginal fluid. The actual in vivo situation probably falls between these two scenarios and can only be identified from experimental data. In this study, the Gʹʹ value of GEL1 was gradually lowered than that of GEL2 after dilution (Fig. 3) , but the intravaginal residence of GEL1 in rats was much longer than that of GEL2. Perhaps the in situ hydrogels formed immediately after administration without or with only slight dilution by vaginal fluid. This speculation seems reasonable since the thermal-induced gelation occurred rapidly as shown by the sharp phase transition (Fig. 1) and there was not much effective agitation in the vaginal lumen.
Conclusions
Consequently, besides gelation temperature, the content of poloxamer 188 also affected in vitro and in vivo performance of the poloxamer 407-based in situ hydrogel. When the concentration of poloxamer 407 was fixed in the formulation, more poloxamer 188 increased the hydrophilicity of the formed hydrogel, resulting in accelerated hydrogel erosion, drug release and intravaginal elimination. The viscous modulus, rather than elastic modulus, was shown to be related to the intravaginal retention of the hydrogel.
Rats are the more appropriate animal model as compared with mice for the in vivo comparison of the poloxamer-based hydrogels for vaginal application, especially for the in situ hydrogel formulations with similar in vitro characteristics.
